Abstract. We study the random close packing of a binary mixture of spheres and rod-like particles (spherocylinders) by the mechanical contraction computer simulation. We investigate the universality in packing of near-spheres by monitoring the position and the value of the maximum in the mixture packing density as a function of the mixture composition and the rod aspect ratio. We find that independently of the mixture composition the particles pack more efficiently/densely as the rod aspect ratio is perturbed slightly from zero and the maximum density is always reached at one unique rod aspect ratio of about 0.45. The dependence of the value of the maximum packing fraction on the mixture composition (the relative rod volume fraction) is linear, exhibiting some ideality in packing of near-spheres. This counter-intuitive finding suggests that even for high rod concentrations in a rod-sphere mixture the packing is governed by local contacts between the neighboring particles, which is usually observed for dilute colloidal suspensions and granular gases, where there is no correlation between the particles. The plausible explanation for this intriguing behavior is that the correlations between the particles are completely lost in the range of distances of several particle diameters, which can be originated from the decoupling of the orientational and translational degrees of freedom of the nearly spherical rods. This gives rise to the universality and locality of random close packing of the rod-sphere mixtures.
INTRODUCTION
Random packing of non-spherical particles is of great importance for understanding the properties of composite materials, colloidal dispersions and glasses, granular and porous media as well as fiber networks in biological cells [1] [2] [3] [4] [5] [6] [7] [8] [9] . Random packing of spheres has been systematically investigated from the beginning of the last century and still it is not fully understood [8] [9] [10] [11] . The packing of non-spherical granules is an even more challenging problem, which is due its complexity can be attacked at present only via computer simulations [5, 12, 13] . Recently, a novel mechanical contraction method (MCM) was developed in our group to theoretically investigate the packings of nonspherical particles of different shape such as spherocylinders, spheroids and cut spheres [12, 13] . A striking and non-intuitive behavior of non-spherical granular and colloidal packings was revealed. In particular, all these non-spherical particles demonstrated the existence of a maximum in the packing density upon a slight deviation from spherical shape. This maximum was experimentally confirmed for random packings of colloidal ellipsoids [14] . In other words, the non-spherical particles pack more efficiently as the particle's aspect ratio is perturbed slightly from zero (the aspect ratio of a sphere). So, a natural question arises whether this behavior is universal and how the position and value of the maximum in packing density depends on the particle aspect ratio. To examine this, a systematic study of a packing of mixtures of particles of different shapes and sizes is required.
In the present study we investigate the universality in the behavior of near-spheres and the dependence of the position and the value of the maximum in the packing density on the system parameters. To this end the random close packing of binary mixtures of spheres and spherocylinders is studied by means of the MCM computer simulations. The relative simplicity of a binary mixture and the possibility to continuously transform sphere to spherocylinder allow us to probe the packing of the binary system ranging from the pure packing of spheres to the pure spherocylinder packing, which are the two natural limits of the mixture packing. The results of our simulations show that the mixture packing density lies between the packing densities of pure spheres and pure spherocylinders of the same aspect ratio, and it monotonically changes within these ranges upon variation in the relative volume fraction of either component. We find that independently of the rod-sphere mixture composition the maximum in the packing density occurs at the near-spherical limit of the rod component when the rod aspect ratio is about 0.45, exhibiting universality in packing behavior of the near-spheres. The value of the maximum packing density depends linearly on the mixture composition, i.e. on the relative volume fraction of the spherocylinders in the mixture. This ideality in the behavior of the two sub-systems of the mixture can be explained on the basis of the complete loss of the correlations between the spheres and spherocylinders in the range of several particle diameters, which eventually leads to the universality and locality of random packing of the rod-sphere mixtures.
THE MECHANICAL CONTRACTION METHOD
The MCM aims at density quenching a particulate system at a rapid rate in order to obtain an amorphous packing before the particles get into a thermodynamically more favored phase [12] . The initial configuration of the system is a dilute gas of randomly placed and randomly oriented nonoverlapping particles in a cubic box with periodic boundary conditions. In each step of the simulation the volume of the system is reduced by a small amount AV and all particle positions are uniformly scaled while their orientations are left undisturbed. At a certain step particles start overlapping and this overlap is then removed by moving and rotating the particles. The entire process is repeated in an iterative manner until it is impossible to remove the overlap between the particles with a reasonable amount of computational effort, and thus the final random close packing of non-overlapping particles from the previous simulation step is obtained.
The overlap between the particles is removed according to the following scheme. If there are C particles that overlap with particle i and particle i is moved with a constant translational (and rotational) velocity, then the speed at which particle i is changing its overlap with the contacting particle j can be quantified to first order as
where ˆ^-is a contact normal, 8 tj the amount of overlap, f cij the vector connecting the contact point with the center of mass of particle i, and v tj and 6) tj the translational and rotational velocity, respectively.
The speed s t for which a given particle is breaking contact with its C overlapping particles is defined as
where the factor S tj is included in order to bias the rate at which the particles break contact in favor of those which are overlapping the most. The ratio between the translational and rotational velocity is fixed by the kinetic energy-type constraint:
where I is a diagonal matrix which is related to the particle's moment of inertia. The direction that maximizes the rate of overlap is obtained in terms of the velocity by the use of the Lagrange multiplier method: 
RESULTS AND DISCUSSIONS
Typical examples of random close packing of a binary rod-sphere mixture are shown in Figure 1 . As can be seen from Figure 1 , both the spheres and the spherocylinders form an amorphous packing with no crystal or liquid crystalline ordering like a nematic or a columnar phase. This can be indicated by the crystal and nematic order parameters, which are essentially zero (not shown here). By construction, the MCM produces packings of particles in the mixture that is not phase separated. The total packing fraction of the spheres and rods in a mixture as a function of the rod aspect ratio for various mixture compositions ranging from the pure sphere packing to the pure packing of rods is presented in Figure 2 . The packing curves for all mixture compositions shown in Figure 2 share similar features. In particular, upon increase in the rod aspect ratio from a sphere to a near-sphere the mixture packing fraction first increases and then decreases. The presence of the maximum in the packing density is a result of the interplay between the size and the shape effect or, in other words, the maximum appears due to the translation-rotation coupling. An initial increase of the packing density is caused by the particle elongation, which has a similar effect as the size polydispersity of spheres when the small spheres can be placed between the large ones. A short spherocylinder that may not fit in an interstice between the spheres when oriented in a given direction may fit when the orientation is changed. A further decrease of the packing fraction is due to the excluded volume effect. It is known that the ratio of the orientational average excluded volume of a pair of random spherocylinders and the spherocylinder volume increases with rod aspect ratio resulting in lowering the packing density [15] . rod aspect ratio FIGURE 2. The rod-sphere mixture packing fraction versus the rod aspect ratio for different mixture compositions, x. For the rod aspect ratio L/D = 0.45, the maximum in packing density is achieved for all mixture compositions x. The highest packing fraction <j> -0.701 is obtained for the pure spherocylinder packing. The packing fraction of the pure spheres is <j> -0.634.
Note that the packing density of a rod-sphere mixture studied here, which is assembled from spheres and spherocylinders of the same diameter, is bounded by the packing densities of pure spheres and pure spherocylinders of the same aspect ratio. The packing density monotonically changes within these ranges upon variation in the relative volume fraction of either component. For short rods (0<L/Z)~3) the packing fraction of the mixture is lower than that of the pure rod system, while for longer rods (L/D > 3) it is higher. The random close packing of pure near-spheres and a mixture of spherical and nearly spherical particles exhibit a universal behavior. The maximum in the packing fraction occurs at the same rod aspect ratio L/D = 0.45 for all mixture compositions. Also, all the packing curves seem to intersect (within simulation error) at one cross point at L/D ~ 3. Interestingly, the corresponding to this point packing fraction equals to the value of the sphere packing (f) = 0.634 , where the size variation (elongation) and the excluded volume effects balance each other. We observed the linear dependence of the maximum in mixture packing on the mixture composition, which is shown in Figure 3 . Such a linear dependence is an indication of some ideality in packing of near-spheres and the loss of some correlations between the two sub-systems of spheres and rods in the binary mixture. Since spheres have only translational degrees of freedom, such loss of correlation is plausible if the orientations of the rods are decoupled from their positions, leading to a localization-delocalization transition upon the particle elongation. The correlations between the rods are completely lost in the range of distances of several particle diameters. In this case the randomly packed system can be represented as a series of independent, not-correlated representative volumes, which results in the locality and universality of the random close packing of the rod-sphere mixtures.
CONCLUSIONS
We have investigated the random close packing of a binary mixture of spheres and rods (spherocylinders) by the MCM computer simulation. We studied the universality in packing of near-spheres by analyzing the position and the value of the maximum in the mixture packing fraction as a function of the rod aspect ratio and the mixture composition. The presence of the maximum in the packing density is caused by the interplay between the size variation (elongation) and the excluded volume effect. We observed that the maximum in the packing fraction occurs at the same rod aspect ratio L/D = 0.45 for all mixture compositions revealing the universality of the nearly spherical particle packings. The value of the maximum packing fraction was found to depend linearly on the mixture composition, which indicates some ideality and loss of correlations in packing of near-spheres. This non-intuitive result suggests that even for high concentrations of rods in a rod-sphere mixture the dense packing is controlled by local contacts between the neighboring particles, which can be a result of the decoupling of the rotational and translational degrees of freedom of the rods.
